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I. INTRODUCTION
R ADIATION effects in semiconductors are of concern for a broad range of device applications. Various applications and environments require knowledge of a wide range of radiation effects such as total-dose, dose-rate, soft errors, and displacement damage. Radiation effects research on compound semiconductors has been pursued since the 1960s in an effort to meet the needs of the nuclear power industry, national security, space systems, and the computer industry. These industries were fueled by a growing semiconductor industry. The choice of substrate materials initially started with elemental semiconductors such as Ge, Si, and Se and further spread when compound semiconductor substrates became available. In this paper, we mainly discuss those devices fabricated on Group III-V substrates. This paper focuses on the performance and reliability of these semiconductor devices when operated in radiation environments.
Previous authors have presented reviews on radiation effects in compound semiconductors. In 1973, Chaffin reviewed work from the late 1960s on displacement damage and ionization effects in GaAs [1] . Simons presented a review in 1983 of total dose, dose rate, and displacement damage effects [2] . In 1985 and 1989, Zuleeg presented reviews on GaAs radiation effects related to weapon and space applications on complementary junction field-effect transistor (JFET) devices [3] , [4] . In 1988, Srour and McGarrity provided a review of GaAs radiation effects [5] . After 1990, other reviews discussed more recent findings [6] , [7] .
The following review provides: 1) a history of the studies of radiation effects in compound semiconductors; 2) the important milestones and discoveries; 3) information on how pa- Manuscript 
II. HISTORICAL ASPECTS

A. Early Compound Semiconductors and Devices
Brattain and Bardeen created the first bipolar germanium transistor in 1947 [8] . Welker presented the first discussion of compound semiconductors in 1952 [9] . Additionally in 1952, Shockley developed the first silicon field effect transistor (FET) [10] . Common compound semiconductors in 1959 ranged from various oxides (ZnO) to ZnSe and SiC, but GaAs was not important at that time [11] . The first GaAs bipolar transistor superior in performance to a silicon device appeared in 1961 [12] . Mead developed the first GaAs FET in 1966, a metal-semiconductor field effect transistor (MESFET) [13] . Van Tuyl reported on GaAs FET integrated circuits in 1974 [14] . The first InP digital circuit was reported in 1981 [15] . The performance of these new compound semiconductor technologies led to uses where performance expectations were higher than for silicon or germanium devices. A review of the GaAs and InP industry has been presented in several places [16] - [19] .
Radiation effects are separated into two areas: ionization and displacement damage effects. Ionization effects include totaldose, dose-rate, and single-event effects. Displacement damage effects are produced by nonionizing energy loss, which induces damage to the crystal by particle strikes, fast neutrons, thermal neutrons, protons, electrons, and ions.
The electronic device applications where these individual and combined radiation effects can influence components include:
• radiation detectors-all radiation sources;
• nuclear power controls-neutron, gammas;
• strategic weapons systems-fast neutrons, ionizing doserate, total ionizing dose; • space systems-total ionizing dose, single-event effects, proton/electron displacements; • natural terrestrial environments-single-event effects; • IC packaging-single event effects. As researchers investigated devices and components for these various applications, many papers appeared that presented experimental data, theoretical analyses, and failure rate predictions on radiation effects. Normally, III-V devices were compared to earlier silicon technology. Later, the newer compound semiconductor devices (i.e., InP, SiC, GaN) were compared to GaAs and Si. As transistor modeling software became available, researchers performed simulations of radiation effects on circuits and devices. Much of the latter work rests on parameter values obtained from the early studies of ionization and displacement damage effects. We must be cognizant of how our earlier colleagues obtained such parameters (i.e., ionization energies, rad conversions between materials, damage factors). Radiation effects studies on future semiconductor materials will require knowledge of these earlier procedures and techniques.
B. Early Radiation Studies: 1950s and 1960s
When TRANSACTIONS ON NUCLEAR SCIENCE was first published in September 1954 (as TRANSACTIONS OF THE IRE Vol. NS-1, no. 1) there were a total of three papers; these papers were concerned with nuclear reactor control and an electron accelerator. As stated in the editorial for that issue, it was hoped that the TRANSACTIONS published by the Professional Group on Nuclear Science would "be of real value to group members and a credit to the Institute." From that period to June 1959, the papers were concerned mainly with the nuclear power industry and nuclear research.
The scope of the IEEE TRANSACTIONS ON NUCLEAR SCIENCE was expanded in 1959 with a solid-state issue (NS-6, no. 2, June 1959) that included the first radiation effects paper on an electronic device, actually optoelectronic devices in the form of Si solar cells [20] . It was not until 1961 that the first paper was published [21] on radiation effects on a compound semiconductor device. This paper by Wright-Patterson AFB workers reported on the degradation of a GaAs unipolar transistor fabricated at RCA [22] according to a design proposed by Shockley [10] . It was found that the drain current degraded by 35% following 1-MeV electron irradiation to a fluence of 5 10 cm .
Following these papers, the first Nuclear Radiation Effects Conference (which later became Nuclear and Space Radiation Effects Conference, or NSREC) was held in Toronto, ON, Canada during June 1963; conference papers were published in Section I of the November 1963 issue of the IEEE TRANSACTIONS ON NUCLEAR SCIENCE (TNS). That issue also included invited papers on "Radiation effects in diamond lattice semiconductors" [23] and "Mechanisms of transient radiation effects" [24] , both of which proved to be fundamental topics for future investigations.
Contributed papers appearing in Section II of the TNS November 1963 issue under "Steady state radiation effects" included a significant paper [25] on permanent damage in semiconductor devices and also established that "dislocation damage equivalence for various forms and energies of radiation is desirable in order to allow reasonable predictions of semiconductor component vulnerability for various missions." In that paper, silicon bipolar transistors and pn diodes were irradiated with 10-MeV protons, nuclear reactor neutrons, 5-to 25-MeV electrons, Cobalt-60 gamma rays, and Bremsstrahlung radiation from stopping 5-MeV electrons.
Another important paper in that first TNS issue compared radiation damage in GaAs and Si solar cells [26] . From a study of degradation in efficiency of the devices following irradiation by 0.8-MeV electrons, 5.6-MeV electrons, and 18-MeV protons, it was concluded that GaAs solar cells were more radiation resistant than Si solar cells. This occurs because recombination centers created by radiation-induced displacement damage have a larger degrading effect on carrier lifetime in the Si solar cell I  IONIZED CHARGE PER UNIT LENGTH FOR A ION HAVING A LET OF 1 MeV-cm /mg since the pre-irradiation lifetime is much larger in Si than in GaAs. From the late 1950s through the late 1960s, the research emphasis was on displacement effects in detectors and solar cells. By the end of the 1960s, the radiation effects community began concentrating on ionization studies (as opposed to displacement studies). Little was presented on ionization effects in GaAs during that period. By 1968, many researchers were investigating electron-hole pair creation energies in Si and Ge [27] . Klein [28] provided ionization energies verses bandgap energy for many semiconductors, including GaAs, GaP, SiC, CdS, PbO, CdTe, and others. The GaAs data in Klein's work was attributed to Wittry [29] and Pfister [30] . Wittry's value of 4.8 eV/e-h pair is commonly used for GaAs. Table I includes predictions of ionized charge per unit path length for ion tracks in various semiconductors derived from Klein's ionization energy relationship. Recently, spectral responsivity techniques have been used to measure a 4.6 eV ionization energy for GaAsP and confirm the 3.6 eV value for Si [31] . Even though a large bandgap leads to a large ionization energy for electron-hole pair creation, the density of the target material is critical in determining ionization per unit length. As shown in Table I [7] , low-density and large-bandgap semiconductors should be preferred in ionization environments in order to minimize susceptibility to ionizing particles. Equivalent ions produce more charge per unit length in GaAs than Si. Ionization charge tracks in InP are comparable to GaAs. Note that future InGaAs devices should be even more susceptible to ionization effects.
C. Device Radiation Effects: 1970s and 1980s
Following the first NSREC conference, the period from 1970 to 1990 saw a great deal of radiation effects research as GaAs and related compound devices became more prevalent. The high electron mobility of GaAs was attractive for ultra-high-frequency applications. During the development of GaAs devices, rapid advances were occurring in Si MOSFET manufacturing techniques. The wide use of MOSFETs was observed in the dominance of papers in the TNS addressing silicon MOS devices radiation effects. The MOSFET's gate and field oxides for both MOSFETs and silicon bipolar devices were a susceptibility issue for total dose effects. Neither GaAs bipolar transistors nor GaAs MESFETs included any oxides, so these devices had minimal susceptibility to total dose effects.
The majority of 1970s publications on GaAs device radiation effects examined displacement effects that reduced transistor performance. These publications examined the degradation of lifetime and mobility by neutrons. McNichols studied the effects of fast neutrons on GaAs junction JFETs and compared his findings to measurements to Si JFETs [32] . It was found that for GaAs devices irradiated in the fluence range of 10 to 10 n/cm and with initial carrier concentrations of 10 to 10 /cm , the hardness level was predicted to be nearly the same as for n-type Si JFETs, with Si p-type JFETs having a lower hardness level. The radiation hardness level was based on a 20% decrease from the initial carrier concentration. In another study of neutron effects on GaAs devices [33] , Gunn diodes were irradiated with neutrons from a fast burst reactor at fluences up to 1 10 n/cm . It was found that the hardness level for power failure increased with increasing initial carrier concentration. Hardness levels were determined to be 2 10 n/cm at 3.3 10 /cm and 1.12 10 n/cm at 1.5 10 /cm . A similar study [34] of epitaxial Gunn diodes and Hall samples demonstrated that device degradation resulting from neutron irradiation was due to a combination of carrier removal, low-field mobility decrease, and trapping of conduction electrons.
To investigate light-emitting diodes in a space environment, a study [35] was made of the degradation of various types of commercially available light emitting diodes at electron fluences up to 10 e/cm . It was found that SiC had the highest radiation tolerance, followed by GaAsP, GaP, diffused GaAs, and epitaxial GaAs.
Borrega [36] examined the high total-dose hardness of GaAs microwave devices. Although GaAs devices were found to have total dose radiation hardness levels for gamma rays, X-rays, electrons, and neutrons comparable to these Si devices that do not have a gate oxide, it was found that GaAs FETs [37] , [38] and photodiodes [39] experience a transient response after exposure to pulsed X-rays or electrons. These transients may be long-term and persist for times in the order of seconds at room temperature [38] , [40] . The change in drain current following flash X-ray exposure occurred in both ion-implanted and epitaxial devices and was most pronounced at low drain current under large negative gate bias near pinchoff. The recovery time after exposure was found to be many orders of magnitude longer than that expected from ordinary photocurrent generation and decay. It appeared that the long-term transient effect was primarily due to charge trapping and its subsequent thermal release in the GaAs substrate material [38] , [40] , causing a "backgating" effect. Assuming this to be the case, GaAs FETs were fabricated with a buried p-layer by implanting Be just beneath the active n-layer to better isolate the active channel. Compared to similar GaAs FETs fabricated on the same wafer without a buried p-layer, it was found [41] that pulsed radiation induced drain current transients were reduced by two orders of magnitude following 100 rad X-ray pulses. Device performance was also improved, with the transconductance increasing by a factor of two.
As GaAs devices became more prominent in the early 1980s, total dose results on Si and GaAs devices were being compared to each other. Identical sources of radiation are absorbed differently in different target materials. For comparison of Co gamma sources the conversion between rad(Si) and rad(GaAs) also depended on the spectrum of the gamma source. For GaAs absorbed dose, a "dirty" or nonmono-energetic spectrum Co source may provide 18% more dose than a "clean" mono-energetic spectrum. Table II includes data on Si, GaAs, and InP for converting Roentgens to rads [42] . Note that the calculations in Table II are for bulk material where no oxide interfaces exist. GaAs absorbs less gamma energy per gram than Si or InP. However, note the difference in densities in Table I . The low density of Si results in less absorbed energy per unit volume.
By the early 1980s the Defense Advanced Research Projects Agency (DARPA) initiated development of radiation hardened GaAs digital technology [43] , [44] . Parallel to this program was the Department of Defense's (DoD's) Microwave and Millimeter wave Monolithic Integrated Circuits (MIMIC) program that developed GaAs microwave circuits [45] . This technology development was to support the Strategic Defense Initiative (SDI) [46] . SDI applications focused on strategic and space environments. Thus, total-dose, dose-rate, neutron, and recently discovered soft-error effects were to be investigated with emerging GaAs IC technology. The total-dose requirement for SDI was difficult to achieve with MOS devices. Since GaAs devices: 1) did not employ oxides (thus having inherent total-dose hardness); 2) possessed a larger bandgap over Si for apparent lower ionization generation; 3) had high-resistivity substrates for isolation; and 4) provided superior transport characteristics, GaAs electronics appeared to be ideally suited for the SDI initiative. Additionally during this period, higher performance heterostructure transistors were being developed in the laboratory, and by the end of the decade VLSI heterostructure AlGaAs/GaAs ICs were in production [47] .
As digital ICs and MMICs were developed from discrete GaAs devices, radiation effects were found to be important in these GaAs ICs. The first IC latch-up due to dose-rate effects was reported [48] in 1982. Transient radiation (dose-rate) effects were studied in RF power discrete GaAs MESFETs [49] and MMICs [49] , [50] and hardness levels were established. More accurate total-dose measurements were also reported for GaAs devices [51] and MMICs [52] . Neutron radiation effects were reported [53] for MMICs under RF power including combined pulsed X-ray and pulsed neutron irradiation to more accurately simulate a nuclear event [54] . Compound semiconductor devices, with respect to total-dose, dose-rate and neutron effects, were on track for the DARPA program.
Single event effects (SEE) were discovered just before the DARPA initiative [55] . In the study of SEE, it was found [56] , [57] that permanent damage and even burnout occurs during heavy ion irradiation and a model was proposed [58] to explain the effects. In an extension of that model using the Monte Carlo method, it was possible to calculate the heating rate of each particle as it passed through the device at various locations [59] . Single event effects were found to be important in GaAs digital ICs with the first single event upsets (SEUs) reported [60] , [61] in 1983 and 1984. Decoupling and circuit techniques previously applied to CMOS SRAMs offered limited success in GaAs JFET SRAMs [4] , [62] . As more SRAMs became available for testing, the soft error rates showed higher sensitivities than bulk Si SRAMs [63] . Circuit analysis tools were used to study charge collection [64] . It was not until the following decade with device simulation that the SEE sensitivity in GaAs ICs was understood. Charge collection between silicon and GaAs devices was different due to both material and device structure parameters.
Hopkins and Srour investigated charge collection on GaAs and
Si diodes and suggested that funneling effects were minimal in GaAs [65] . That work was used to predict photocurrents for circuit simulations [63] , [64] .
The GaAs SEE issue was not solved and the DARPA initiative was essentially over by the end of the 1980s. The DARPA initiative funded several GaAs foundries and spawned many new firms in the wireless and optoelectronic industry. Many successes occurred. However, the digital GaAs industry was unable to compete with the lithography advances propelling the Si CMOS industry into personal computers. Wafer yield issues prevented continued funding for military digital GaAs IC applications [66] . The DoD was no longer a high volume customer compared to consumer applications. GaAs digital SRAMs could not compete with the Si SRAM market, nor could GaAs SRAMs provide SEU hardness approaching the CMOS/SOS SRAMs. GaAs analog applications, unlike digital, had moved to the commercial sector and showed profitability. Microwave and analog GaAs devices satisfied the neutron and ionizing dose-rate needs for ongoing military systems.
InP-based devices were also studied during this time period. In the 1980s, InP-based discrete devices were available for study. Transient radiation effects and total-dose studies were made on InP metal-insulator-semiconductor field effect transistors (MISFETs) and large-amplitude long-term transients, similar to those seen in unhardened GaAs FETs, were reported [67] following pulsed electron irradiation. These InP MISFETs were also found to have low total-dose hardness levels of only 5 krad as a result of charge trapped in the gate-insulating layer. Improved radiation hardness was achieved by elimination of the gate insulator using a JFET design. It was reported [68] that these InP JFETs exhibited only small transients when irradiated by pulsed electrons and had total-dose hardness levels of greater than 8 10 rads.
D. Radiation Effects in the 1990s
By the early 1990s, there were still programs utilizing digital GaAs ICs for space applications. The soft error issue was unresolved and required additional investigation [69] . SRAM soft error tests [70] , [71] and charge collection experiments [72] , [73] , with the help of device simulation tools [74] , determined that the SEE sensitivity was related to several items: 1) the uninsulated GaAs FET gate; 2) hole collection in the semi-insulating substrate that provided a mechanism to induce a bipolar transistor effect [73] or back-gate [74] ; and 3) the low-doped substrate that provided long diffusion lengths, which increased collection volumes. Also, as noted in Table I , the ionization in GaAs per unit length is higher than that of silicon.
Once the soft error issue was understood, techniques to increase substrate recombination via buffer layers mitigated the problem [75] - [77] . The use of low-temperature grown GaAs [78] in a buffer layer below the transistor was used. The buffer layer incorporated high defect densities of As antisites and Ga vacancies which increased electron trapping and recombination rates by three orders of magnitude. SEU-hardened GaAs ICs have been successfully implemented in satellites [79] . Other variations in the GaAs buffer layers provided improved recombination and reliability [80] . Fig. 1 shows a comparison of soft error rates for various IC technologies [7] .
Single-event transient (SET) errors in GaAs were also important. During the 1990s, digital GaAs ICs were only being utilized for high-performance applications. Most GaAs ICs were utilized for data communications and not memory storage. In 1992, Schnierderwind [81] et al. presented experimental evidence of soft errors in GaAs MESFET combinational logic during dynamic switching conditions, not in static tests as normally performed on SRAMs. These soft errors in combinational logic were not unique to GaAs ICs, but were also experienced with other technologies [82] , [83] . Techniques became available to measure signals on-chip at gigahertz clock rates. By late 1998, measurements of InP-based heterojunction bipolar transistor (HBT) ICs at 10 GHz showed susceptibility to multiple-bit errors in combinational configurations [84] . A substrate effect similar to that causing SEE sensitivity in GaAs FET devices was proposed [85] .
A summary of milestones in III-V semiconductor radiation effects studies is shown in Table III . Table I , ionization-induced charge is related to both the target density and the electron-hole pair ionization energy. Wide bandgaps, high electron-hole pair ionization energies, and high resistivity were assumed to be sufficient to provide ionizing radiation hardness over silicon devices. The importance of target density is sometimes overlooked when comparing semiconductor technologies. Low-density wide-bandgap semiconductors such as GaN and SiC may be useful for consideration in ionizing radiation environments.
2) Substrate Collection: For dose-rate effects, the high-resistivity semi-insulating substrate was an improvement over a p-doped bulk Si substrate. However, the GaAs material included defects such as EL2, which was related to the As antisite. This defect trapped carriers over microseconds [86] .
For SEE effects, the diffusion length in the semi-insulating GaAs substrate was on the order of microns to tens of microns, which is much longer than a diffusion length in a p-doped Si substrate. It was not until techniques were developed to reduce lifetimes in the GaAs substrate that the soft error issue was mitigated [74] . Doping the GaAs substrate would degrade isolation. The use of radiation damage to lower lifetime was not practical [87] . In many cases of radiation testing of GaAs SRAMs with heavy ions, the SEU hardness improved with fluence [88] . In the mid-1980s, superlattices were applied to the problem of ionization in the GaAs substrate [47] . Superlattices were not very successful for SEE, possibly due to long duration DX trapping centers in AlGaAs [89] .
3) Noninsulating Gates: Ionization in the gate region of an FET creates photocurrents that directly connected to the gate node of the III-V FET. In MOSFET devices, the single-event photocurrent is related to the drain-to-body junction, whereas in most III-V FETs, the rectifying gate's depletion region is the source of the charge collection. Decoupling resistors in CMOS circuits protected gate nodes of MOSFETs from charge collection on drain nodes. Decoupling resistors in noninsulating 
B. Displacement Damage Effects
In the 1970s and 1980s, neutron weapon effects and later space trapped proton effects were examined. Displacement damage induces defects that degrade mobilities and introduce recombination centers. Displacement effects in bipolar devices increase base recombination. In homogenous bipolar devices, displacement damage is more critical than in heterojunction bipolar devices because base current is mainly due to hot carrier transport rather than diffusion. In FETs, the degradation of mobility or the creation of trapping centers is the limiting mechanism.
Another issue in studies of displacement damage effects in III-V devices is the ability to compare experimental results between various particle sources, specifically proton and neutron damage. Recently, Messenger et al. have provided a successful methodology to compare nonionizing energy-loss to experimental results in GaAs devices [90] .
IV. CONCLUSION
Examination of the history of the III-V device field shows that radiation effects studies migrated from experimental studies of ionization and displacement effects in bulk materials during the 1960s and 1970s to experimental analyses of device effects in the 1980s. In some cases, GaAs IC designers borrowed MOS circuit hardening techniques without much success. Table IV provides an overall comparative summary of GaAs and Si device hardness to major radiation threats [91] .
By the 1990s, further efforts to solve the SEE problem needed device simulation, new experimental techniques for dynamic circuits, and defect engineering techniques to arrive at a solution. For a solution to be attractive to commercial foundries, the hardening technique must not limit performance, must be timely for implementation, and must not increase costs. This scenario presents a difficult challenge for workers in the radiation-hardening field.
In early 2003, we observe that the GaAs foundries are switching over to InP-based devices. Many of the effects and mechanisms applicable to early compound semiconductors will also apply to new devices and materials. As these new devices continue to lower power-delay products, ionization effects (both space and terrestrial) may become more critical for many applications.
Another point related to the survivability of emerging technologies should be made. The changing geopolitical environment (SDI has ended) and economic environment (GaAs could not compete in the microprocessor or SRAM markets) essentially eliminated the digital GaAs market (one firm did survive). On the other hand, commercial analog GaAs devices became very profitable and manufacturers were not interested in offering devices for radiation-hardened applications. Whatever direction future semiconductor advances takes, the study of fundamental radiation effect mechanisms will continue to be based on the earlier contributions described herein.
